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ABSTRACT 


This paper describes analyses of spheres which were magnetically 
extracted from mid-Paciflc abyssal clays ranging in age from 0 to 500,000 
years. The concentration of spheres larger than 200 microns was found to 
be a few time^i 10 ppb. The spheres were readily divided into three groups 
using their dominant mineralogy. These groups are named iron, glassy, and 
silicate. Mot>*’ of the spheres were formed from particles that completely 
melted and subseqvently recrystallized as they separated from the parent 
meteoroid bodies. However, some of the silicate spheres contain occasional 
relict grains of the parent roetoroids that did not experience any melting. 
Typically, these relict grains are olivine crystals whose cores are Mg-rich, 
ranging from F'Ogg_og. Commonly the outer rim of these relict grains was 
altered during heating. Other relict mineral grains include enstatite, 
ferrous spinel, chromite, and pentlandite. 

The three groups of spheres (iron, glassy, and silicate) may possibly 
have some genetic significance. It seems reasonable to expect iron-rich 
spheres to be produced during ablation of iron and metal-rich silicate 
meteoroids. Metal spheres are probably not produced by ablation of 
predominantly silicate meteoroids because studies of fusion crusts and 
laboratory ablated silicate materials have never yielded separate metal 
spheres, but rather have produced spheres with intergrown iron oxide and 
silicate phases. The iron spheres recovered possess identical mineralogy 
with the fusion crusts of Boguslavka, Norfork, and N'Kandhla iron meteorites 
as well as with the ablation debris created in the laboratory using 
metallurgical samples of iron and nickel-iron. The combination of several 
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iron oxldi* ph.i(U>H aiul Ni Hogi cg.it Ion In Inilividual Hplioroe ia oonvlnoinx 
evldenoo of ablation from motallic Ko-rlcli motoorolda. 

Tho apluTOH an? conaldorahlv nk?ro Ko- rloh than tho Hilioato 

aphoroH. Thoy conaiat of nui^tnetlto and a Ko >;laaa whioh ia rolatlvoly low 
in Si. Thla combination la luoat llkclv produced bv ablation of motal-rlch 
alllcato motoorolda. 

The allicato aphoroa arc iindoubtodlv derived from ablation of atonv 
meteorolda. The ol lvlju*-m.ignet lte->;laaa and sulfide mineral aaaemble^toa 
occurrln>t In theae apherea are identic.il to those described Mi tlie natural 
fusion crusts of Allende, OrKueil, and Murch umi meteorites, .iblation debris 
created in the l.iboratorv, and melted Int erp l.inet .irv dust collected from 
the St r.itoaphere. Bulk Ci>mposlt ions .ind relict t;r.iins are useful for 
determinlii); the parent meteoroid tvpes for tlie silicate spheres. Hulk 
.inalyses of recrystallized spheres have shown that nonvolatile elemental 
abundances are similar to chondrite abuud.inces. An.ilvses of relict grains 
(found in .1 few percent of tlie spheres) h.ive identilled nunerous high 
temperature minerals which often occur .is l.irger crvst.ils in .1 f ine-gr.iined 
nutrix th.it is ch.ir.icterl.ied bv numerous clrcul.ir voids. These voids 
were caused bv escaping vol.it lies te.g., w.iter, sulfur) produced bv decom- 
position of hydrated .ind I'ther low temperature mlner.ils during ablat ion. 
Because larger crystals of higher temper.iture mlner.ils are .issoci.ited with 
f liu— gr. lined , low temperature, vol.it i le-r ich m.itrix, the obvious c.indidates 
for p.irent meteoroids t'f tliese slllc.ite spheres are c.ii bon.iceous chondrites. 


1. Introduction 


Over a century ago, Murray and Renard [1] discovered microscopic 
magnetic spheres In deep-sea sediments. Finding both "stony" and "Iron" 
types, they suggested that the spheres were produced by the melting of 
meteoroids as they entered the atmosphere. Since their discovery, deep- 
sea spheres have been subjected to a variety of investigations, but their 
Importance to the science of roeteorltlcs has not been fully recognized. 
Reviews of much of the early work on the spheres were filven bv Schmidt 
[2] and Parkin and Tlll«>*' [3]. Most of tSie previous work has concentrated 
on the "Iron" spheres which are reasonably well characterized and under- 
stood; their credibility as extraterrestrial particles is now well 
established. Evidence Is strong that the "iron" spheres were produced 
by atmospheric melting of Iron meteoroids [4, 5). The "stony" spheres 
have only been studied by a few investigators [6,7,8], and they are only 
now being extensively examined with modern analytical techniques [9,10]. 
The "stony" particles have not generated much interest because their 
properties were not understood, and there was no real evidence that uhe 
particles were. Indeed, extraterrestrial. The "stony" spheres have been 
interpreted as droplets produced by ablation of stony meteoroids [6,7] and 
mistakenly identified as "rounded bodies in space" not altered by 
atmospheric entry [8]. In this paper we direct most of our efforts to 
the "stony" spheres because they are the least understood and potentially 
Che most interesting. It is the purpose of this paper to show that Che 
"stony" spheres are extraterrestrial and are generated by ablation of 
parent meteoroids similar to chondrltic meteorites. 


origin 
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The md.]or technique we hnv < uHed for Identification and interpretnt ion 
of ablation apherea ia a detailed compariaon with natural and laboratory 
ablated roaterialM. I’reviouH work ban cHtabliahod a net of crHeria for 
identifyinK debrla produced by atmoapbcric ablat ion of meteoroid bodlea. 

These criteria were derived from .inalyHes of meteorite fusion crusts 111-13), 
ablation debris in the stratosphere |1A), and material produced by laboratory 
ablation of olivine 111), metallic Fe and Nl-Fe 112), Fe-oxldes )15), and 
a carbonaceous chondrite (Murchison) 111). Tl>e criteria useful for identifying, 
ablated extraterrestrial nuiterial are as follows: 

(1) Occurrence of disequilibrium mineral pluses (e.g., wr..tite, i;lass 
and zoned olivine) due to meltiuK and rapid cooling;. 

(2) Distinctive textures (e.>;., zoned olivine ..umninded by mannetlte 
crystals in a >;roundm.is8 of >;lass) produced by interKrown dissimilar phases. 

tl) Depletion and migration of volatile elements (e.g, S, T, C, Cl, 

Na, H,0) dtie to heating. 

(A) Fract lonat ion .iiui concent rat ion of less volatile elements in 
some mineral phases according to their affinity for oxygen (e.g., Ni-rich 
metal cores surrounded by Nl-poor oxides). 

For iron meteoroid p.trent bodies, the metal is oxidized, and wustite, 
magnetite, and henuitlte are formed. Since nickel is not as easily oxidized 
as iron, it concentrates in a metallic core. For choiulrltic materials 
(e.g., Allende, Murchison, and Orguell), two melt phases are formed. The 
dominant phase is a silicate melt which crystallizes to form grains of 
zoned euhedral olivine and magnetite in a fa, Fe.Al , Sl-gl.«ss matrix. The 
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other phase, containing Fe, Ni, and S, cryatallizea to fom iron sulfides 
(pyrrhotite and/or pentlandite) and iron oxides (magnetite and/or wustite). 
Both phases produce spheres when sprayed off an ablating meteoroid, and 
it is common for silicate spheres to contain inclusions of sulfide minerals. 


2. Experimental Procedure 

Because studies of fusion crusts and samples ablated in the laboratory 
produce magnetite from iron-bearing materials, we expect most meteor 
ablation debris to be ferromagnetic. For a meteoroid to ablate without 
producing magnetite, it must have a very low iron content. Therefore, the 
spheres in this study were separated by magnetic extraction from 3 kg of 
globigerina ooze and 100 kg of Pacific red clay. The samples came from 
box cores taken from the top 50 cm of mid-Pacific abyssal clays in water 
depths of 5,000 m. Assuming an average sedimentation rate of 100 cm per 
10^ years [16], the spheres in these sediments range in age from 0 to 
500,000 years. The separation process used a magnetic extractor suspended 
in an agitated slurry of sediment and water. The magnetic fraction was 
sieved to remove particles larger than 100 pm and ultrasonically agitated 
to break down fecal pellets. Spheres were hand picked from the larger 
size fraction. This process was efficient for separating weakly magnetic 
(i.e., silicates) spheres larger than 100 pm. 

Over 700 spheres in the size range 0.1 to 1 mm were selected, mounted, 
and analyzed with the scanning electron microscope (SEM) to study surface 
morphology and elemental composition. One hundred and fifty spheres were 
sectioned and polished for quantitative electron microprobe analysis and 
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ShlH atudieH of internal texturea and individual cryatals. Over thirty 
spheres were subjected to X-ray diffraction, using a Oebye-Scherrer powder 
camera, for nuijor mineral identification. 

J. Results 

The concentration of spheres larger than 200 pm was found a few 
times to be 10 ppb in the red clay and about I ppb in the globigerina ooze. 
It appears, however, tha*' other clay samples and different extraction 
techniques (work in progress) may produce yields of spheres of as much as 
400 ppb of dry sediment weight for this same size range. The spheres 
were readily divided into three groups using their dominant mineralogy. 
Based on their distinctive mineral and chemical compositions, these 
groups are name iron , glassy , and silicate. On the surface, the iron 
spheres were black and shiny, the silicate spheres were rough and dull, 
and the glassy splieres could not be distinguished optically from either 
the iron or silicate spheres. Any smooth surface the silicate and glassy 
spheres may liave once possessed had been etched away by seawater action 
(Figs. 1, 2, and 1). Sphere shapes ranged from true spheres to spheroidal 
and blit ton-shaped objects with protuberances (Fig. 4); some irregular 
fragments, presunwibly from partially decomposed spheres, were also 
recovered. (All particles are collectively referred to in this paper as 
spheres.) Several spheres contain relict grains from the parent meteoroid 
body. Since some relict grains have not been altered, they provide a 
basis for deducing the nature of the meteoroid bodies from which the 
deep-sea spheres were derived. 
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3.2 Iron aphe'^e 

The general abundance of the '.ton spheres ranged from 25 to 30Z 
of the number recovered, depending upon the core sampled and the magnetic 
extraction procedures employed. The elemental content of these spheres 
la mostly Iron with varying amounts of nickel and occasionally small 
amounts of other elements (e.g., Al, SI). The mineralogy of these spheres 
Includes various Iron oxides with or without metal. Spheres always 
contain magnetite (Fe^O^), usually contain magnetite and wUstlte. (FeO) , 
and occasionally contain magnetite and hematite (Fe^O^, may be either 
primary or secondary). When present, the metal phase associated with 
these Iron oxides Is taenlte (yNl-Fe). The magnetite and wtlstlte commonly 
form oriented, multl-crystalllne. Interlocking aggregates as In Fig. 3. 
Cell dimensions of the magnetite crystals are usually small. Indicating 
It Is often a ferrous trevorlte. WUstlte cell dimensions are variable 
but In one case It Is nearly stoichiometric FeO. 

Several Iron spheres contain eccentric Nl-rlch cores which are 
usually metal (taenlte) but may be partially or completely oxidized. 

The sphere In Fig. 6 contains three phases: an outer shell of magnetite 

(Nl-rich, containing about 25Z trevorlte molecule); an Inner metallic core 
(crescent shaped) of Nl-Fe, containing 89Z Nl; and an Inner oxidized 
core (circular) containing 5UZ NIO and 7.3% SIO^. This oxidized core 
has been Identified as a siliceous, nlcklelferous trevorlte with a 
composition of N1(N1 15^^ 57^2*^4’ oxidized portions of other 

cores commonly contained some SI. In some spheres there Is no Nl-rlch 
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core, the significance of which will be dlacusced later. Iron spheres 
of this type have been previously described (1,3,8,17-23]. 

3, 2 Glaaey epherca 

Less than 10% of the deep-sea spheres Is characterized by a d:>ndrltlc 
network of oriented skeletal magnetite crystals with an Interstitial 
glass composed principally of Fe, a minor amount of Si, together with 
smallei amouts of Mg, Al, and Ca. One of these spheres, shown In Fig. 7, 
possesses an eccentric Nl-Fe core containing 38% Nl. These spheres show 
a strong resemblance to spheres recovered from manganese nodules by 
Finkelman [17,23]. 

3.J Silioate aphcrea 

The silicate spheres are the most dominant group; when viewed with 
the SEM, their surfaces show euhedral olivine and magnetite standing 
nut in bold relief (Fig. 8). Olivine and magnetite crystals are often 
aligned in a brickwork fashion over large portions of the sphere surfaces. 

The interior of the silicate spheres is composed mainly of olivine 
and magnetite crystals surrounded by interstitial glass or voids. Grain 
size is variable for the olivine and magnetite. livine crystals 
range from about 1 pm to 40 pm in diameter while magnetite crystals 
range from submicron to only a few microns in diameter. The two most 
common textures for thene spheres are larger equant (unoriented) olivine 
crystals with smaller magnetite crystals surrounded by interstitial 
glass, or voids, or parallel bars of euhedral olivine crystals with magnetite 
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•nd glaiB occupying the Interstitial region (Fig. 10). This latter type 
resenbles "barred" chondrules In chondrltlc meteorites except for the 
presence of magnetite. The composition of the olivine In the spheres 
ranges from Fo^^-FOg^. This olivine Is always zoned and Fe-rlch along 
the boundaries. The magnetite may be pure contain several percent 

Tl, Cr, or Al, substituting for the Fe. Conpositlon of the glass varies 
among the spheres. The glass Is an Fe-rlch silica with minor amounts 
of Al and Ca and 'rtually no Mg. Usually most of the Ca in the spheres 
occur In the glass, whereas the Al occurs in both glass and magnetite. 

This glass contrasts with that in the glassy spheres (described earlier) 
because It Is enriched In SI, Ca, and Al and contains considerably less Fe. 
Other mineral phases usually occurring In the silicate spheres aie 
pentlandlte, Nl-rlch troillte, and chromite (relict?). Figure 11 
Illustrates a sulf Ide-bearlng silicate sphere. 

Occasionally spheres are encountered having a matrix of very fine- 
grained material. Including olivine, magnetite, pentlandlte, and glass with 
numerous vesicles that were apparently produced by volatile gases leaving 
the matrix. One of these spheres is Illustrated in Fig. 12. 

Nearly all of the silicate spheres have experienced etching by 
seawater. For some spheres, not only has the surface been severely etched, 
but the Interstitial glass has also been completely dissolved away. In 
extreme cases, as Illustrated in Fig. 9, even the Mg-rich cores of 
olivine crystals have been dissolved leaving only an Fe-rlch olivine crystal 
boundary held together by a skeletal framework of magnetite. 
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Elcia**nt«l compositions for the silicate spheres show an affinity 
ti>ward chondritic meteorites. Although the surface compositions of these 
spheres often strongly deviate from chondritic abundances, the interior 
portions of the spheres agree more favorably. Nineteen spheres possessing 
glass, a li>w void space, minlnuil alteration by seawater, and containing 
no relict grains were selected for bulk analyses with the electron micro- 
probe. The results of broad beam analyses of polished sections are 
shown in Table 1. 

i.4 

Most of »he silicate spheres were formed from grains that completely 
nk’lted ai »• suosequently recrvstal 1 ized as they separated from the parent 
neteorold body. However less than 10% of these spheres contain occasional 
relict grains of the parent meteoroid that did not experience any melting. 
Typically, these relict grains are olivine crystals whose cores are Mg-rich, 
ranging from to Fo^^. Commonlv, the outer rim of these relict olivine 

grains was altered during heating. These altered rims have compositions 
as low as Fo^^j. Other relict mineral grains include enstatite, ferrous 
spinel, chromite, and pent 1. indite. Quantitative microprobe analyses of 
some of the relict olivine grains are given in Table 2. One of these 
sp! > res, shown in Fig. 13, contains a large (>100 vim) olivine grain (Fo^^^l 
whlcli has a Nl-Fe inclusion with 7.3% Nl. Surrounding this relict grain 
are the typical recrystallized phases of olivine and magnetite. Another 
sphere, shown in Fig. 14, contains an assemblage of relict grains which 
include olivine (Fo^^), enstatite (En^^^), a vein of Al-rlch material 
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(30Z Al20^, 15Z FeO, and 52Z ^70), and numerous mlcron-aized grains of 
penclandite (rallcC?) In a flne-giained vesicular matrix. 

The outer rim of this sphere consists of recrystalllzed olivine 
and magnetite grains (thi glass has been dissolved away). 

A. Discussion 

4.1 Comparison with ohondritia abundances 

The compositions of the relict olivine grains and the recrystalllzed 
silicate spheres are similar to chondritic meteorites. The results of 
electron microprobe analyses of relatively unaltered silicate spheres 
are shown in Table 3, which lists the principle elements in atomic percent 
ratioed to Si. This table compares the composition of these silicate 
spheres with that of Cl, C2, H, and L chondrite meteorites. All of the 
elements are within the chondritic range, except Ni which shows a strong 
depletion (up to 100). The trace element analyses by neutron activation, 
performed by Ganapathy (24], of single silicate spheres from this collection 
have also shown a chondritic pattern for the following nonvolatile 
siderophile elements: Ir, Os, Sb, Ru, Sr, Nl, Co, Cr, and Sc. 

There are several possible causes for the differences In elemental 
content between the spheres and the chondritic norm. These Include the 
following: 

(a) Inherent elemental and mineralogical differences among the parent 
meteoroids producing the spheres (e.g. , comets versus asteroids). 

(b) Fractionation and volatilization caused by different melting 
temperatures of various minerals during the ablation process. Volatile 
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elements, such as S, are vaporized when iron sulfide minerals (i.e., 
pentlandiCe, troilite) melt. There is a imirked absence of iron sulfide 
minerals in must of the rccrystal lized silicate spheres. Laboratory 
ablation of a carbonaceous chondrite (Murchison) produced snuill quantities 
of a sulfide phase as well as the ubiquitoiii recrystallized silicate 
phase [13]. Studies of the fusion crust and ablation debris revealed 
that nearly all of the N1 and some of the Fe of this meteorite was 
entering the sulfide phase and producing Fe,Nl,S-rlch spheres. Similar 
spheres, usually 10 um in size, have also been collected from the 
stratosphere |14j. It appears that during ablation Fe, Ni, and S combine 
to form small spheres; this m.ay possibly account for some of the Nl 
deficiency in the deep-sea silicate spheres. 

Fractionation produced by differences in density may possibly separate 
metal droplets from silicate droplets. While much of the metal Fe is 
being oxidized, other slderophile elements (especially Nl) could become 
concentrated In the coie and subsequently be thrown out of the silicate melt 
(due to rapid rotational forces) or fall through the silicate melt as the 
sphere decelerates in the atmosphere. Kven for silicate minerals containing 
small amounts of Nl, the Ni could migrate into the coexisting metal phase 
and ultimately become separated. Bec.iuse silicate minerals in chondrites 
are usually Ni-free, the spheres would be depleted in Ni. The Nl depletions 
sliown in Table 1 and Fig. 15 perliaps arc best explained in the above manner. 

(c) Grain size of the parent meteoroid could also produce raineralogical 
fractionation in spheres. Parent bodies having very small grain size 
(relative to sphere diameter) and few volatile constituents would have a 
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tendency to produce chentcally horoogenouM itpheres. r.ireat hodlcM having 
very large grain 8ij>e (relative to nphere diameter) and few volatile 
conatituentM would tend to produce a variety of apheroH with different 
mineralogy. Both metallic and Hilicate splierea could he produced by 
fragmentation and ablation from only one coarae-grained nu*tal-rlch ailicate 
parent meteoroid. 

(d) t'hemical diasolution and etching .ire rcHponaible for remiiving 
the glaHH ph.iMC .ind the Mg-rich core of olivine cryat.ils in the re- 
cry.4tal I ized apherea. I’lidoubtedly , the aeaw.iter .iction will change the 
relative anounta of Mg, Si, Al, .iiul I'a. Since tlie A1 and Ca are concent r.it ed 
in the glaas (the ph.iae moat re.idilv .lifected bv etching), bulk analyaea 
allowing depletlona of tlu’ae two elements prob.ibly do not reflect the 
origln.il sphere compoait ions. Tula effect la illuatr.ited In Klg. lb where 
C.i and Al contents tif silicate aplierea .ire c«'mp;ired wltli clioiulritic meteorite 
v.iliiea. All but five of the spheres t.ill »’n tin* I'.i/Al line .ind h.ive .ibun- 
dances consistent with chondrites. These five spheres slu'w depletions 
of Al and/or C.i f ri>m choudrltic v.ilues piob.iblv because of se.iw.iter etching. 

4.L Ori\nu of tho ii\'n 

Tlie '.liree groups of spheres ftrk>n, gl.issv, .iiul silicate) m.iy possiblv 
h.ive some genetic s igni f ic.ince. It seems re.isonable to expect irkin-rlch 
spheres to be priiduced during .ibl.it ion of iriMi- .iiul mel.il-rlch silicate 
meteoroids. Met.il spheres .ire prob.iblv not pr»»duced by .ibl.it ion of predomi- 
n.int ly sillc.ite metek*roiils bi*c.ius«' studies of fusion crusts ,iiul l.ibor.itory 
.iblated sillc.ite m.iteri.ils h.ive never yielded sep.ir.ite met.il spheres, but 
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have piuiuced spheres with Incergrovm iron oxide and silicate phases. 

Even though there is a relatively low abundance of iron- and tnetal-rich 
silicate meteorites, it is not too surprising that such a large quantity 
(25 to 50%) of iron spheres was found. Laboratory ablation experiments 
have shown that metal samples produce an overwhelming amount of spheres 
(>00%) whereas silicate samples produce a much smaller quantity (-251). 

The iron spheres recovered possess identical mineralogy with the fusion 
c*’usts of iron meteorites (i.e., Boguslavka, Norfork, and N'Kandhla) 
as well as with the ablation debris created in the laboratory using 
metallurgical samples of iron and nickel-iron [12]. The combination of 
several iron oxide phases and Ni segregation in individual spheres is 
convincing evidence of ablation from metallic Fe-rlch meteoroids. The 
most common mineralogy is an assoication of the various Fe-rich minerals 
(i.e., taenite (Ni-Fe), wUstitc (.FeO), magnetite (Fe^O^), and hematite 
(Fe20j)) several of which are often in a single sphere. In the absence of 
industrial contaminants, the presence of the metastable mineral wllstlte Is 
accepted as sufficient proof of an ablation product [12, 25). Another 
equally Important recognition feature Is the formation of a metallic 
core enriched by Nl. 

4.3 Origin of the glaaay apherca 

The glassy spheres are considerably more Fe-rlch than the silicate 
spheres. Glass In these spheres is relatively low in Si, and the spheres 
do not contain any silicate minerals. This combination Is most likely 
produced by ablation of metal-rich silicate meteoroids. 
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4,-i i»/ ttu' in'/tiMfi* 

Ttu* MilliMtt' HpluM'OM an* uiuloubt i*ill V tlrrlvnl from ablation ol Ntony 
«i*t ooroliiN. Till* ollviiu'-nuiKnot it t‘-KlaHM atui Hull lilt* miiu'ial aMHomblattt'H 
Oi'i’urrlU); In llu* hpIutoh an* itifiulo.il to thoHo iloHor iboii iii t bo natural 
tuHlt>n oriiHtH of Allt'iulo, ili'KUoll. and Mnri'bisitn |ll,M.»(*|, abl.it li>n 
dobrlH iMoati’d *>t the labor.itorv t ri*m a iMibon.u'oouH oboiulrlti* |ll|, .ind 
moltod ii*.t orpi.ini't arv dust partlolos collootod liom tin* Ht r.u owplioro 
I la), lit tin* Hovor.il w.iVH to doduoi* Int orraal i«*n .ibout poHHibli* p.iront 
mot oorolds producing nillo.itt* nplioroH, wi* will dlNouH; iiMinK both n*lU*t 
KiaiuH and bulk spboiv i*ln*mlHtrv. An.ilvsoM ol n*l lot ytr.iiuH b.ivo 
idontillod tin* lollowltiK mlnor.ils: N>;-rli*b ollvliu*, oust .it i t o , lorrous 

Hplin*!, pont l.indlto, troilitc, Al-rloli .splin*li?>, oliia'inlt o, and Nl-Ko 
mot.il. Most of lln*M»* minor. tls iioour .is l.ii>*,or oivst.ils in .1 flno- 
;.;r.ilnoil m.itrix tli.it is oli.ir.iot or i r«*il bv nuiui*i ous olroular Vi*ids. Tliost* 
voids wot O o.iusod bv t*HO.ipill); vol.it ilt*S io.n., W.lt(*r, Slllluil pi»*duO»*d 
bv dov'ompi’s 1 1 i»*n ol livdr.itod .nul ol lioi li»w I ompoi Ml un* mlnor.ils diirlnp. 
.ibl.it ion. Uoo.iusi* l.ii >;i*r orvsi.ils ol lii>;li I ••rnpoi .11 ui o miiu*r.ils .110 
.i.isoo i.it t*d with .1 I liu*->.r.i inod , low t •*mpor.it uro , vol.it i lo-r li'b m.itrix, 
tin* «*bvi»*i!H o.nuliil.itos l4*r paii'iit m«*t »*or4*l4ls aii* o.ii bi*n.io»*i*ns olu'tuli it os. 

Hulk .in.ilvsos 4*1 spln*r<*s slu*win>; llllK* 4*r 114 * sl>;ns 4*f 4*ln*ml4*.'l 
woatln*rinp. bv S4'.iw.il4*r .nnl iu*l 4'4*nt .1 ini.ip. i'4*l i4*t >tt.ilns m.iv .ils4* ' us4*ful 
tor 4U'4lnolnp, p4*sslblo p.iia'ul m4*t4*or4*i4ls. Oin* siu’li .itl4*mpl is slii*wn in 
I'.iblo a. In Ibis m4tlu*4l tin* .issumpt i4*n is m.ulo for spln*ros wbl4'b .110 
un.iltoit'd (s**.iw.iloi ot4*blnp. W4*ul4l ob.inj;.* tin* I’.i/Al rat I4* bo4*.ius4* S4*mo 4*f 
tin* A1 is in tin* m.i>*.in*4 1 1 o .is W4*ll .is tin* r.i-b4*ar In^*. p.i.issi .nul slu*w m* 
slp.n ol >;.is vosl4*l4*s, ib.it if tin* i'.i/.\l r.itios f.ill witbln tin* obondrilo 


range of i.O to 1.25 [27,28], then other elements have not been depleted 
and will correlate with the bulk chemlHtiy of the parent chondrlclc 
meteorite type. In Table 4, nphereti #25 and 33 have the proper Ca/Al 
ratio. The Fe, Mg, Ca, Al, and SI contents for these spheres auitch the 
mean composition of the type H and enstatlte cliondrlte meteorite groups. 

A more rigorous study will be necessary befote It can be determined If 
this method Is a meaningful way to correlate bulk sphere chemistry with 
possible parent meteoroid types. 

5. Conclusions 

The mineralogy and chemistry of the deep-sea spheres are Identical 
In many respects to the meteorite fusion crusts, laboratory created 
ablation debris, and the ablated interplanetary dust particles In the 
stratospheric collection. The principal differences are the unusual 
textures (e.g., barred olivine "chondrules") and the relict crystals. All 
of the spheres analyzed in this report appear to have been produced 
during ablation of larger meteoroids by melting, fragmentation, and 
vaporlzat Ion. 

Although these spheres are not abund.int in deep-sea sediments, they 

were abundant (1 to 10% by weight) in the magnetic fraction larger than 

200 Mm In size in our samples. Because tl>e natural sedimentation rate 

-4 

for abyssal clays is about 10 cm per year, the spheres are more 
concentrated in the clays than in any other terrestrial environment. 

There are very few magnetic terrestrial particles in the sediments in 
the same size range as the spheres, and extraction and Identification 
is a relatively simple process. 
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Hu* hl^h atniiul.iiu'i’ iJ*> to SOt) of tho iron HpluTOH wan HniprtHinKi 
althon>;li wo do havo a poMHihU* oxplanat ton ItaHcd on laboratorv ablation 
(•xpor imont H. l(k>wovoi , II tin* noarlv i‘i]tial i|nan( it lot* k>t iii'n aiul Hilloato 
HpluMOH do rofloot pro-aMatto«» abinulaiu'o, tlu*ro mav havo ho«‘n a moial- 
rloh ci>rap»*iuM»t ot t lu* o.ir t l«-iTk»8S tnj; nwt «*orotil8 kini tn>; tin* l.ist MUl.lHUI 
voai'M. BkUh tin* ooi*nrroni*o *.♦ rol lot >;*-.itns and tin* bulk spboro o»>mpo«t- 
t loitH sn^>;<*Ht parent tm*tt*oroldH t>l oinnnir i t U* t'k'inpt's i t !>>n t t*t tin* Hilloato 
Hpln*ii*s. riilH Ih Ok>ns isl i*nt with tin* analvst*s I't lunar 8t>ils tliat 
itnlioato that tin* nu'im is .u'oit*tin>; olnnulr 1 1 to m.iti*i ial H'*’ 

dt*f ol«*nov lu I bo allto.Ui* 8pln*u*s Is n*ask'nablv w»*ll niul«*rst mikl and 
pii>bablv dk'os lu't rot loot .1 Nt d»*ttolonov In t ho paioitt mot ooii'tds. 

M»*toi»r ablat ikMt sph«*ioa rooovi*tOkl ltk>m kU*op-soa si*kltnu*nls art* v.ilnablo 
oxt rat i*r l ost r la I mali*rlal bi*oansi* I hov mav vl«t somo oasi*s> ri*pri*si*nl 
samples ol moli*t>rold t .-pos that ati* It*.' Irap.llt* I »» snivtvi* atmosphorto 
pass, 1^0 aiitl bt*oomi* moti*k’i ltt*s. A tinikpn* v.ilin* k*t t ht* sphi*t t*s is lh.it 
t ln*v ptk'vlkli* .1 pk'ssiblt* w.iv t k> stukiv tin* k*k>mpk's i 1 lk»n k'l tin* k*.irth- 
ork»ssln>; mt*t k*k>i k> tkls .is .1 tnnt*tlk>n kt| t lim*. pk*rh.ips ,is K’lip. .is J^lll vi*.irs. 

Aokiik’W I t*kl>;t*mt*nt s 

SkMiu* k*l tin* Sl>l Wk'i k .nid mlo rk'pi obt* d.il.i pi k*st*nt k*kl in this p.ipt*! 
w.is pt*rt k’l mokl in tin* rin*k'rk*t ik*.il .nnl I’ l.nu*t .irv SliikHt*s Ut.iin’li l.ibk't .it k*r ik*s 
.It Anik*s Koso.iroh rk*nl k*i bv ltk>mk*r l.k*m .iiul .U^t* lillohm.ni, I KK-l'nv I ikMimi*iit . 1 1 
An.ilvsls l.iibkkf.it k*i los , K i k'litiukinl , i‘a I i I kM n i.i , uiiklk*r k*kMil r.it’l N.VS 
I*. lit k'l this rk*si*. troll w.is siippk'rtk*kl bv .1 ^r.int , NSiI Nk>. 227i^, t k' S.in .U’Sk* 


lb 


St.ito I'll I Vk*rs 1 1 V . 
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TABLE 1 


Bulk analyses with broad beam electron microprobe of 5 recrystallized silicate 


spheres which showed little or no signs of alteration by seawater dissolution. 
All Fe is expressed as FeO. 


Composition 




Recrystallized silicate 

spheres 





2 


8 

25 

26 

33 



* 


* 

* 


* 


* 

SiO^ 

52.1 

(24.3) 

44.2 

(20.7) 

36.2 (16.9) 

37.3 

(17.4) 

30.7 

(14.4) 

AI 2 O 3 

0.76 

( 0.4) 

3.4 

( 1 . 8 ) 

2.2 ( 1 . 2 ) 

3.1 

( 1 . 2 ) 

1.7 

( 0.9) 


0.61 

( 0.4) 

0.60 

( 0.4) 

0.71 ( 0.5) 

0.22 

( 0 . 2 ) 

0.55 

( 0.4) 

"FeO" 

25.0 

(19. 4j 

22.9 

(17.8) 

33.4 (26.0) 

37.7 

(25.4) 

44.7 

(34.7) 

MgO 

18.4 

(11.7) 

27.5 

(16.6) 

24.2 (14.6) 

23.4 

(U.l) 

18.0 

(10.9) 

CaO 

1.02 

( 0.7) 

3.1 

( 2 . 2 ) 

1.9 ( 1.4) 

3.5 

( 2.5) 

1.34 

( 0.9) 

MnO 

1.07 

( 0 . 8 ) 

0.28 

( 0 . 2 ) 

0.29 ( 0.23) 

< 0.02 

( “ ) 

0.60 

( 0.4) 

NiO 

2.61 

( 2 . 0 ) 

0.06 

( 0 . 1 ) 

2.04 ( 1.6) 

0.50 

( 0.4) 

0.23 

( 0 . 2 ) 

S 

<0.03 

( - ) 

<0.03 

( - ) 

<0.03 ( — ) 

<0.03 

( - ) 

1.3 

( 1.4) 

Totals 

101.57 


101.50 


100.94 

100.72 


98.68 


Ca/Al 

1.83 


1.22 


1.17 

1.56 


1.08 



* Elemental Z. 


TABLE 2 


Analyses of one recrystalllsad and five relict neteorltic olivine grains occurring in silicate spheres 
On two relict grains, values are Included for heat altered tins as veil a. for their unaltered cores. 


Composition 

Recrystallized 



Relict 

olivine grains 





Sphere number 





5 

22 

10 


39 

53 


55 


core 

core 

core 

core 

rim 

core 

rim 

core 

SiO^ 

38.9 

42.1 

42.4 

46.5 

38.6 

42.4 

41.9 

40.9 

Cr^Oj 

0.29 

0.26 

0.54 

0.48 

0.35 

0.48 

0.31 

0.23 

FeO 

21.5 

1.50 

1.88 

7.4 

28.4 

3.2 

6.4 

7.5 

MgO 

38.6 

56.0 

55.6 

51.9 

32.8 

54.0 

51.9 

50.3 

CaO 

0.07 

0.08 

0.06 

0.04 

0.15 

0.07 

0.09 

0.35 

MnO 

0.27 

0.31 

0.20 

0.42 

0.44 

0.19 

0.21 

0.23 

NiO 

0.31 

<0.03 

<0.03 

0.16 

<0.03 

<0.03 

<0.03 

0.12 

Totals 

99.94 

100.25 

100.68 

100.90 

100.74 

100.34 

100.81 

99.63 

Fo 

76 

99 

99 

93 

67 

97 

94 

92 



TABI.F. 3 


Average abundances of 19 silicate spheres compared with ordinary and 
carbonaceous chondrites. 



Deep-sea 






spheres t 1 0 

Cl 

C2 

II 

L 

Mg/Sl 

0.852 i U.lbO 

1.08 

1.04 

0.97 

0.94 

Fe/Sl 

0.832 ♦ 0.532 

0.901 

0.841 

0.812 

0.577 

Ca/Sl 

0.0544 1 0.0287 

0.0721 

0.0719 

0.0498 

0.0484 

Al/Sl 

0.07b2 i 0.0340 

0.085 

0.084 

0.081 

O.Obl 

Nl/Sl 

0.0137* 

0.051 

0.048 

0.049 

0.030 

Cr/Si 

0.00825 i 0.00479 

0.0127 

0.0124 

0.0108 

0.0109 

Mn/Sl 

0.00834 i 0.00312 

0.0092 

0.0082 

0.0068 

0.0088 

Tl/Sl 

0.00214 1 0.00084 

0.0024 

0.1H124 

0.0021 

0.0021 

•Three 

spheres did not cont. 

aln detected 

Nl ('.0.02Z) 

and this 

tab le 

t reatH 

this uppei limit as 

a measured 

value. 
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TABLE 4 


SillcaC* apherca having Ca/Al ratioa batwean 1.0 and 1.25 


comparad with nwan elemental analyaaa for 
anatacite chondriCaa [27(28]. 

H-group 

and 



Fe 

Mg 

Ca 

A1 

SI 

Sphere #25 

26.0 

14.6 

1.4 

1.2 

16.9 

H-Group Chondrlte 

27.0 

13.9 

1.2 

1.1 

16.7 

(mean) 






Sphere #33 

34.7 

10.9 

0.9 

0.9 

14.4 

Enatatlte Chondrlte 

29.5 

11.5 

0.9 

0.8 

16.8 


(mean) 
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SI' 1W.1 1 iT . Si’.ili' J ,.ni. 






rlR. 2. An SEM InuiRe of a silicate sphere with surface etched away by 
seawater. Aligned olivine and magnetite crystals form brickwork-like 
patterns produced during ablation. Scale ■ 25 pm. 
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Fig. 3 
sphere 


is an iron type 

, . w.*..! awav by seawater. This i 
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Fig. 4. An SEM iniage of a typiral button-shaped iron sphere. Scale ■ 25 uo- 
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OKKilNAI, FACJK l^ 
OF POUR QUAIJTY 



Fig. S. Knl.irged ariM of sphere shown in Fig. 1. l.nrge crystals 
(gray) are olivine, small (bright) crystals often connected in ch.iii 
like fashion are magnetite, and groundmass areas are interstitial 
glass. Slightly above and to the right of tl>e photo center is a 
hollow olivine crystal which h.is had its Mg-rich core dissolved 
awav. Scale = 10 urn. 





Fig. 9. An SEM laage of a polished section of a silicate sphere, conpletely recrystal liied, 
containing euhedral crystals of olivine (gray) and small magnetite crystals (bright). The 
dark crystals along the exterior of the sphere are actually voids filled with epoxy. The 
original Mg-rich cores of these olivine crystals were dissolved away by seawater, leaving 
only the Fe-rich rims. Scale • 25 ..a. 







and a glass ccposed of Ca. Al. Fe. and Si 

melted and recrysLlllIer^*The**gUM^^curf onlv'^i^'rl.r’^'^'® conplelely 

where It has been dissolved away by seawater. ^ ^ central portions, else- 













1*1 MW 1 vs U0R 


i f f Of ^ recrystalUzed silicate sphere containing sulfides. The 

center of the sphere is a void, surrounded by pentlandlte (bright) and magnetite (light 

r T" -a^netlte are dls^rse^ thr^^Lt 

the sphere and along the rim. Where they occur together, magnetite was produced by 
vaporization of the sulfur and oxidation of the iron. Scale - 25 jm. 





‘‘ig. 12. SEM image of a silicate sphere with a very fine-grained texture that contains 
numerous voids caused by escaping low temperature volatiles. Magnetite occurs only near 
the outer edges. The central interior contains numerous small bright grains of pcntlandlte 
and troilite. Scale ■ 25 .im. 





Fig. 13. An SEM image of a silicate sphere containing a large relict olivine grain (Fo^^l 
which has an Si-Fe metal inclusion fbrlght). The outer portion of the sphere contains 
recrystallized olivine and magnetite grains. The dark gray spots are voids filled with 
epoxy. Scale “ 25 -m. 








Fig. 14. An SEM ioage of a silicate sphere with relict grains of enstatite (E) 
forsterite (f), pentlandite (very small and bright), and an Al-rich vein (A) 
in a very fine-grained Mtrix filled with vesicles. Scale • 2S itm. 







tLEMENT/SILICON (NORMALIZED TO Cl AVERAGE) 


Fig. 15. Data compiled from 19 silicate spheres, comparing the elemental 
abundances of the spheres (normalized to Si) to the Cl average. The 
values were obtained on the centers of spheres that did not show apprecia- 
ble alteration of the glass phase. 
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AI/Si[Wt %] 



Ca/Si(Wt %1 


Fig. 16. Data compiled from bulk analyses of 19 silicate spheres showing 
the Ca/Al ratio of the silicate spheres to the Cl (*), H and L (o), and 
enstatite (a) chondrites. The line is where the ratio of Al/Si to Ca/Si 
equals one. 
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